ABSTRACT. Osteoporosis is a heritable disease characterized mainly by low bone mineral density (BMD) and/or osteoporotic fractures (OF). Most genome-wide association studies on osteoporosis have focused on BMD, whereas little effort has been expended to identify genetic variants directly linked to OF. To determine whether BMD-loci are also associated with OF risk, we performed a validation study to examine 23 BMD-loci reported by recent genome-wide association studies for association with BMD loci and osteoporotic fractures hip OF risk. Our sample consisted of 700 elderly Chinese Han subjects, 350 with hip OF and 350 healthy matched controls. We identified four BMD-loci that were significantly associated with hip OF in this Chinese population, including 7q21 (FLJ42280, P = 1.17 × 10 -4 for rs4729260; P = 0.008 for rs7781370), 6p21 (MHC, P = 0.004 for rs3130340), 13q14 (TNFSF11, P = 0.012 for rs9533090; P = 0.018 for rs9594759; P = 0.020 for rs9594738; P = 0.044 for rs9594751), and 18q21 (TNFRSF11A, P = 0.015 for rs884205). The SNP rs4729260 at 7q21 remained significantly associated, even after conservative Bonferroni's correction. Our results further highlight the importance of these loci in the pathogenesis of osteoporosis, and demonstrate that it is feasible and useful to use OF as the direct phenotype to conduct genetic studies, to enhance our understanding of the genetic architecture of osteoporosis.
INTRODUCTION
Osteoporosis is a serious public health problem, which is characterized by reduced bone mineral density (BMD) and increased risk of low-trauma osteoporotic fractures (OF) (Melton, 2003) . Hip fractures are the most common and severe type of OF, and directly associated with high morbidity and mortality, as well as tremendous health care costs (Cooper et al., 1992; Cummings and Melton, 2002) . Due to an aging population, the incidence of hip OF is increasing greatly not only in developed countries, but also in developing countries (Lau et al., 1999 (Lau et al., , 2001 . One third of the world's hip OF now occur in Asia, mostly in China, and this rate will rise to 45% by the year 2050 (Gullberg et al., 1997) , with the number being roughly 3.2 million (Cooper et al., 1992) .
Genetic factors play a significant role in osteoporosis. Recently, genome-wide association studies (GWAS) have become a major strategy for genetic dissection of complex human diseases/traits. Through this strategy, multiple novel genetic loci have been successfully identified for osteoporosis (Richards et al., 2008; Styrkarsdottir et al., 2008 Styrkarsdottir et al., , 2009 Rivadeneira et al., 2009; Guo et al., 2010b) . Most of these GWAS have been confined to using the surrogate phenotype BMD, since BMD has been widely accepted as the best predictor of OF (Johnell et al., 2005; Kanis et al., 2007) . A successful example is that, deCODE Genetics (Styrkarsdottir et al., 2008 ) and the GEFOS Consortium (Richards et al., 2008; Rivadeneira et al., 2009 ) have reported 23 genomic loci that are associated with BMD at the genome-wide significance level in European populations. A follow-up replication study was recently performed by Styrkarsdottir et al. (2010) , who replicated 14 of these 23 loci, which are also associated with BMD in the East-Asian population (two Chinese and one Korean samples). However, genetic factors underlying the BMD variations and OF risk overlap, to some extent but not all the same (Deng et al., 2002) . We wondered if the BMD-related genetic variants are also associated with OF. OF is the clinically relevant endpoint phenotype of osteoporosis, and the ultimate goal of genetic studies of osteoporosis is to identify genes responsible for OF risk. Therefore, it is necessary and useful to conduct genetic studies of OF per se, which may help us classify factors that counterbalance genetic effects of BMD, and enhance our understanding of the pathogenesis of osteoporosis.
Therefore, the aim of this study was to investigate if the BMD-related genetic variants are also associated with OF risk in a Chinese population. The markers we tested focused on the GWAS BMD loci reported by deCODE Genetics and the GEFOS Consortium (Richards et al., 2008; Rivadeneira et al., 2009; Styrkarsdottir et al., 2008 Styrkarsdottir et al., , 2009 Styrkarsdottir et al., , 2010 .
MATERIAL AND METHODS

Study subjects
The study was approved by the local institutional review boards of the Xi'an Jiaotong University. After signing an informed consent, all subjects were assisted in completing a structured questionnaire including anthropometric variables, lifestyles, and medical history.
The Chinese OF sample consisted of 700 elderly Chinese Han subjects, 350 with osteoporotic hip fractures and 350 elderly healthy controls (see Table 1 for basic characteristics). Since fractures at different skeletal sites may have different underlying pathological mechanisms, we focused exclusively on hip fractures in order to minimize potential clinical and genetic heterogeneity of the study phenotype. All subjects were unrelated northern Chinese Han adults living in the city of Xi'an and its neighboring areas. Inclusion and exclusion criteria for cases have been detailed in our earlier publication (Guo et al., 2010a ). These are briefly described as follows: i) age <80 years and onset age of hip OF >55 years, where all female subjects were postmenopausal women; ii) minimal or no trauma fractures, usually due to falls from standing height or less; iii) fracture at femoral neck or inter-trochanter regions; iv) fracture was identified/confirmed through diagnosis by orthopedic surgeons/radiologists according to radiological reports and X-rays. Patients with pathological fractures and highimpact fractures (such as due to motor vehicle accidents) were excluded.
Healthy control subjects were selected from our established large database as a ratio of 1:1 to cases. They were geography-matched to the cases. Inclusion criteria for controls were: i) age at examination >55 years, and without any fracture history, where oldest subjects were preferred; ii) subjects with chronic diseases and conditions that might potentially affect bone mass, structure, or metabolism were excluded. The exclusion will ensure that controls are less likely to suffer OF during the remainder of their life compared with general populations.
Genotyping
Genomic DNA was extracted from peripheral blood leukocytes using standard protocols. SNP genotyping was performed using the Affymetrix Human Mapping 500K array set (Affymetrix, Santa Clara, CA, USA), which had been completed in our previous study (Guo et al., 2010a) . The experimental procedure was followed by the Affymetrix protocol and the quality control standards. SNPs used in this study satisfied the following criteria: 1) genotyping call rate >95%; 2) not deviating from Hardy-Weinberg equilibrium (HWE; P > 0.0001); 3) minor allele frequency (MAF) >0.01. In addition, since our study aimed to investigate if the BMD-related loci previously reported by GWAS are also associated with OF (Richards et al., 2008; Rivadeneira et al., 2009; Styrkarsdottir et al., 2008 Styrkarsdottir et al., , 2009 Styrkarsdottir et al., , 2010 , for those reported SNPs, which were missing in our Affymetrix 500K arrays, we imputed the genotypes using the IMPUTE program (Marchini et al., 2007) to facilitate comparison of associations at the same SNPs. To ensure the reliability of the imputation, all of those imputed SNPs reached a calling threshold of 0.90, i.e., a 90% probability that an imputed genotype is true. In total, 50 SNPs from 22 loci were included for subsequent association analyses (Supplementary Table 1 ).
Statistical analyses
Before the association test, principal component analysis implemented in EIGENSTRAT (Price et al., 2006) was used to correct for potential population stratification that may lead to spurious association results for the OF sample. SNPTEST (Marchini et al., 2007) was used to test for associations between all the SNPs and OF risk. The covariates included age, gender, height, weight, and the first 10 principal components emerging from the EIGENSTRAT analyses. A raw P value of <0.05 in our study was considered to be nominally significant. Bonferroni's correction was used to account for multiple comparisons. The significance threshold was set at a P value of less than 0.001 (0.05/50 SNPs that were included in the association analyses).
RESULTS
The basic characteristics of the study subjects are presented in Table 1 . The previously reported 23 BMD-loci identified by GWAS in European populations included 1p36 (ZBTB40), 1p31 (GPR177), 2p21 (SPTBN1), 3p22 (CTNNB1), 4q22 (MEPE), 5q14 (MEF2C), 6p21 (MHC), 6q25 (ESR1), 7p14 (STARD3NL), 7q21 (FLJ42280), 8q24 (TNFRSR11B), 11p15 (SOX6), 11p13 (DCDC5), 11p11 (ARHGAP1), 11q13 (LRP5), 12q13 (SP7), 13q14 (TNFSF11), 14q32 (MARK3), 16q24 (FOXL1), 17q21 (SOST), 17q21 (HDAC5), 17q12 (CRHR1), and 18q21 (TNFRSF11A) (Richards et al., 2008; Rivadeneira et al., 2009; Styrkarsdottir et al., 2008 Styrkarsdottir et al., , 2009 ). Fourteen of these 23 loci were further reported to be associated with hip BMD in East-Asian populations (Chinese and Korean), including 1p36, 1p31, 3p22, 4q22, 5q14, 6q25, 7q21, 8q24, 11p15, 11q13, 13q14, 16q24, and 17q21 (Styrkarsdottir et al., 2010) . In this study, we aimed to examine all these BMD-loci for association with hip OF. Since an SNP (rs9303521) from 17q12 failed imputation of genotype, 50 SNPs from 22 loci were included for association analyses. The association results for all SNPs tested are shown in Supplementary Table 1. Eight SNPs from four BMD-loci were identified to be nominally significantly associated with hip OF in this study (P < 0.05), including 6p21, 7q21, 13q14, and 18q21, which are summarized in Table 2 . After applying Bonferroni's correction for multiple testing, a single SNP, rs4729260, remained significant (P < 0.001). The most significant SNP, rs4729260 at 7q21 (FLJ42280), achieved a P value of 1.17 × 10 -4 for association with hip OF. The minor allele G of rs4729260 was associated with an increased risk of hip OF, with the odds ratio (OR) estimated to be 1.98 (95% confidence interval (CI) = 1.39-2.80). This was consistent with its association with lower hip BMD values in both European and East-Asian populations (Rivadeneira et al., 2009; Styrkarsdottir et al., 2010) (Table 3) . Another SNP, rs7781370, which is in pairwise linkage disequilibrium (LD, r 2 = 0.78 in Chinese) with rs4729260, was also associated with increased risk of hip OF (P = 0.008). The OR was 1.59 (95%CI = 1.13-2.24) for minor allele T of rs7781370. This SNP was also reported to be associated with lower hip BMD values in both European and East-Asian populations (Rivadeneira et al., 2009; Styrkarsdottir et al., 2010 The SNP rs3130340-C at 6p21 (MHC) and SNP rs884205-A at 18q21 (TNFRSF11A) were associated with an increased risk of hip OF (rs3130340: P = 0.004; rs884205: P = 0.015), and the ORs were estimated to be 1.48 (95%CI = 1.13-1.95) and 2.47 (95%CI = 1.16-5.25), respectively. These two SNPs were reported to be only associated with reduced hip and spine BMD values in European populations (Styrkarsdottir et al., 2008) , but not in East-Asian populations (Styrkarsdottir et al., 2010) (Table 3) .
Four SNPs at 13q14 (TNFSF11) were found to be associated with hip OF, including rs9533090-T (P = 0.012), rs9594759-T (P = 0.018), rs9594738-T (P = 0.020), and rs9594751-T (P = 0.044). The minor allele T of these four SNPs had a protective effect from hip OF (OR < 1, Table 2 ) in our study. However, the effects of these four SNPs were totally different in Europeans, showing associations with lower hip BMD values (Styrkarsdottir et al., 2008 ). None of these four SNPs showed significant results in East-Asians (Styrkarsdottir et al., 2010) (Table 3) .
DISCUSSION
In this study, we performed a validation analysis to investigate whether the BMD-loci reported by previous GWAS are also associated with hip OF risk in a Chinese population. We identified four loci significantly associated with hip OF, including 7q21, 6p21, 13q14, and 18q21.
The effects of 7q21 on BMD and OF were very consistent. However, we noticed that, in the East-Asian study (Styrkarsdottir et al., 2010) , a significant signal of 7q21 on BMD was not detected when analyzing random BMD samples, whereas the effect was demonstrated when analyzing an extreme BMD sample. It may indicate that when true variants exist, using extreme BMD or OF as the studied phenotype could increase the statistical power to detect association signals.
For 6q21, 13q14, and 18q21, no significant signal was found in East-Asian populations (Styrkarsdottir et al., 2010) , which was in contradiction with our results. One possible interpretation of this different effect would be that BMD is not the only risk factor for OF; other risk factors also contribute to the risk of OF (Marshall et al., 1996; Hazenberg et al., 2007) . Therefore, it is not only necessary but also feasible and efficient to use OF as the direct phenotype to conduct genetic studies, in conjunction with other proximal phenotypes (e.g., BMD), aiming to expedite the genetic dissection of osteoporosis.
The results for other BMD-loci on OF were inconclusive, which may reflect the true differences in pathologic characteristics between BMD and OF. However, it may also be due to the lack of power in our study of the relatively small hip OF samples compared to the large BMD samples. In addition, a potential limitation of our study is that we could not test for associations with hip OF in European populations to compare the different effects of these loci more thoroughly. Follow-up studies performed with multiple and large sample sets in multiple populations are needed to validate our results and explore the generality of our findings.
The statistical power of our study was estimated by using the Genetic Power Calculator program (http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html). We set the population prevalence of hip OF to be 5%, which is conservatively compatible with epidemiology data (Melton, 2000; Siris, 2006) . Assuming that a marker is in strong LD (D' = 0.9) with a functional mutation and that the risk allele has a minor frequency of 0.15, under the conservative significance level of P = 0.01, our sample can achieve >75% statistical power to detect a genetic variant individually incurring a relative risk of OF as low as 1.5 under additive effect.
It is worth emphasizing that all the subjects in our sample came from the same Chinese Han ethnicity and the same geographical area, and that all the case subjects experienced the same type of low-impact hip OF. The homogeneity of our sample minimized spurious association results due to phenotypic variation or other factors caused by population stratification.
In summary, our results further highlight the importance of these BMD-loci in the pathogenesis of osteoporosis. Future studies with larger sample size are warranted to identify additional loci associated not only with BMD but also with risk of OF, the ultimate clinical outcome of osteoporosis. 
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